Basophils are a rare population of granulocytes that have long been associated with IgE-mediated and Th2-associated allergic diseases. However, the role of basophils in Th17 and/or Th1 diseases has not been reported. Here, we first report that basophils can be detected in the mucosa of Th17-associated lung and inflammatory bowel diseases (IBD) and further show that they accumulated 
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Abstract:
Basophils are a rare population of granulocytes that have long been associated with IgE-mediated and Th2-associated allergic diseases. However, the role of basophils in Th17 and/or Th1 diseases has not been reported. Here, we first report that basophils can be detected in the mucosa of Th17-associated lung and inflammatory bowel diseases (IBD) and further show that they accumulated in inflamed colons containing large quantities of IL-33. We next demonstrate that circulating basophils increased memory Th17 responses. Accordingly, IL-3 or IL-33-activated basophils amplified IL-17 release in effector memory (T EM ), central memory (T CM ) as well as CCR6 + CD4
T cells. More specifically, basophils promoted the emergence of IL-17 + IFN-γ -, IL-17 + IFN-γ + but not IL-17 -IFN-γ + CD4 T cells in T EM and T CM . Mechanistic analysis revealed that the enhancing effect of IL-17 production by basophils in T EM involved the ERK1/2 signaling pathway, occurred in a contact-independent manner and was partially mediated by histamine via H 2 and H 4 histamine receptors. Collectively, our findings reveal a previously unappreciated function for basophils that augmented Th17 and Th17/Th1 cytokine expression in memory CD4 T cells.
Because basophils accumulated in inflamed IBD tissues, we propose that these cells are key players in chronic inflammatory disorders beyond Th2.
Introduction
Basophils, the least abundant of the granulocytes population accounting for only 0.5-1%
of circulating leukocytes have long been associated, together with eosinophils and mast cells (MC), with allergic diseases and helminth infections [1] [2] [3] [4] . Basophils, like MCs, express the tetrameric form of the high affinity receptor for IgE (FcεRI) and are a major source of histamine, which is stored in their cytoplasmic basophilic granules. Basophils and MCs belong to distinct cell lineages and are biologically very different 5 . Basophils are short-lived circulating cells (estimated half life of 2 days) that differentiate and mature in the bone marrow whereas MCs are long-lived tissue resident cells that differentiate in peripheral tissues from locally recruited circulating CD34 + precursors released from bone marrow. MCs are easily detectable at the interface of the organism with the external world; in contrast, basophils are rarely found in normal tissues but can be detected by immunohistochemistry in inflamed tissues of patients with asthma, allergic rhinitis and various allergic skin diseases 1, 6, 7 . However, the presence of basophils in the mucosa of patients with inflammatory diseases that are independent of IgE has not been reported.
The CD4 T cells play a key role in orchestrating the pathologic immune reaction of chronic inflammatory disorders. It is increasingly appreciated that Th17 effectors play a crucial role in pulmonary cystic fibrosis (CF) 8 . Similarly, Th17 and Th1 cells are involved in mucosaassociated chronic disorders such as inflammatory bowel disease (IBD), which include Crohn's disease (CD) and ulcerative colitis (UC) [9] [10] [11] . Specifically, CD is a chronic and relapsing T celldriven inflammatory disease of the entire gastrointestinal tract. CD4 effector T cells are generated in draining lymph nodes and recruited in the intestinal tissues where they contribute to the inflammatory process and tissue destruction 9 . Once initiated, the inflammation is first
For personal use only. on August 31, 2017. by guest www.bloodjournal.org From 4 characterized by the expression of pro-inflammatory cytokines involved in innate immunity (IL-12, TNFα, IL-23) followed by those involved in adaptive immunity 9,12 . APCderived IL-1β together with IL-6 promotes the development of human Th17 cells in vitro 13 . promotes the expansion of memory Th17 cells 14 . In mice, IL-23 drives pathogenic Th17/Th1 cells 15 . Double IL-17 and IFN-γ -producing CD4 T cells are recovered in increased numbers in different models of experimental colitis and most importantly in intestinal of human IBD patients 11, [16] [17] [18] . In humans, mucosal DCs promote Th17/Th1 development 19, 20 . Overall, defects in the intestinal epithelial barrier function, together with aberrant APC responses to pathogens, have been proposed to participate in the pathogenesis of IBD in genetically susceptible individuals 21 .
To improve therapeutic interventions in chronic inflammatory disorders, it is crucial to understand the mechanisms that result in the recruitment and reactivation of pathogenic Th17
and/or Th1 cells locally. In this regard, chemokine-dependent reciprocal interactions take place between neutrophils and Th17, which are co-localized in inflamed CD tissues 22 .
Herein, we report that basophils accumulate at inflamed mucosal sites in Th17-associated chronic diseases. We also show that human basophils interact with autologous memory CD4 T cells to increase IL-17 and IFN-γ production. The amplification of Th17 and Th17/Th1 but not Th1 responses involves basophil-derived histamine and H 2 and H 4 receptors. Thus, we propose that human basophils are implicated in inflammatory responses beyond Th2-mediated disorders.
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Materials and methods
Human clinical samples
All human subjects signed informed consent form in accordance with the Declaration of Helsinki and the study was approved by the Institutional Ethic Research Committee (CHUM). Blood was collected in heparinized tubes. Lung fragments were obtained during lung transplantation procedure. Colonic or ileal tissues were obtained from endoscopical biopsies or surgical resection; samples were taken from non-inflamed and inflamed gut regions on the basis of clinical, endoscopical and histological criteria.
Preparation of lung single cell suspensions and lamina propria mononuclear cells (LPMC) from intestinal mucosa
Lung fragments were digested with collagenase D (Roche) and DNase I (Roche) and dissociated by gentle MACS Dissociator. LPMC were isolated according to Bull and Bookman (1977) .
Cell purification
Peripheral blood cells were obtained by an adapted centrifugation on lymphoprep gradient followed by T cell depletion by sheep red blood cells rosetting. and Infliximab (Schering-Plough) which were used at indicated concentrations.
Flow Cytometry analysis
Whole blood was lysed with ACK lysing buffer (Lonza) for surface markers as described 23 .
Whole blood cell lysate, FACs-sorted purified cells and mucosal tissues were stained with the mAbs indicated in Table S1 in the presence of normal human IgG. For intracytoplasmic staining, cells were re-stimulated with PMA/ionomycin for 6h in the presence of Brefeldin A (Calbiochem), fixed and stained with respective mAbs.
Cytokine production
Histamine ( Fig 2D and supplemental Fig 1C) . Finally, the augmentation of IL-17 by basophils was also observed in the presence of IL-33 or TSLP, two molecules that activate and indirectly promotes the survival of basophils 27,28 (Fig 1E, F and supplemental Fig 1D) . Also, basophils increased IFN-γ production in IL-2 plus IL-33 T EM but not anti-CD3/antiCD28-stimulaled T CM , confirming data obtained in basophil/memory T cells co-cultures in the presence of IL-3. Hereafter, we choose to examine only IL-2-stimulated T EM in the absence of APC and TCR-stimulated T CM , which mimic memory T cell activation in mucosal and lymphoid tissues, respectively.
Together, these results demonstrate that human basophils consistently and reproducibly and TCR-stimulated T CM cell populations (Fig 3 and supplemental Fig 2) , suggesting that they Together, these results demonstrate that basophils selectively promote the emergence of single IL-17-and double IL-17/IFN-γ-producing cells in T EM and T CM and suggest that ERK1/2 pathway is involved in this amplification process.
4.
Human peripheral blood basophils amplify Th17 memory responses in a contactindependent manner.
T EM represent the most abundant resident memory T cells in human chronically inflamed mucosal tissues, including inflamed gut tissues of IBD patients 31, 32 . We therefore further explored the mechanisms that govern the amplification by basophils of Th17 responses in T EM in the absence of TCR stimulation. Highly purified basophils neither expressed detectable costimulatory molecules that include CD40, CD80 and CD86 nor induced proliferation of IL-2-stimulated T EM cells (Fig 5A and B) . Furthermore, basophils augmented IL-17 expression at the single cell level, as shown by the increase in mean fluorescence intensity (MFI), in allogeneic as well as autologous T EM (Fig 5C) . Combined with the absence of detectable MHC Class II expression on their cell surface (Fig 1) , these data indicate that basophils did not display APC function. We next demonstrated that a direct contact between basophils and T EM was not required to amplify IL-17 production, implicating the participation of soluble molecules ( Fig 5D) .
Finally, basophils not only significantly increased the secretion of IL-17 and IFN-γ in a contactindependent manner but also augmented IL-22, another cytokine associated with Th17 cells. However, basophils did not facilitate the secretion of TNF-α, a cytokine that has a key function in IBD 9 .
These data suggest that the pro-inflammatory activity of basophils is somewhat selective and basophil-derived soluble factors are implicated in this process.
Basophil-derived histamine augments IL-17 production via Histamine 2 and
Histamine 4 receptors. H 4 R antagonist tended to decrease IL-22 but not IFN-γ whereas H 2 R blockade reduced IL-22 and IFN-γ. In contrast, H 1 R antagonist did not reduce IL-17, IL-22 nor IFN-γ secretion. Notably, basophils could not be substituted by histamine alone to augment Th17 responses, suggesting that histamine is not sufficient but requires a cofactor to amplify Th17 memory responses ( Fig 6B) .
Thus, the data indicate that the augmentation of IL-17 expression by basophils in T EM is partially mediated via the effect of basophil-derived histamine on H 2 R, H 4 R but not H 1 R.
Basophils and IL-33 are augmented in inflamed mucosal tissues in IBD patients.
Our present findings have indicated that basophils promoted in vitro Th17 responses in the presence of IL-3, IL-33 and TSLP and could be detected in IBD tissues, a site of could not be detected in the same culture supernatants (detection limit of IL-3 and TSLP is 15 pg/ml and 30 pg/ml, respectively). Next, we demonstrated that the frequency of basophils was significantly higher in inflamed when compared to symptomless sites in 17 IBD patients ( Fig 7B) .
Since MCs also represent a major source of histamine and thus could exert a similar effect as basophils on memory Th17 responses, we examined the frequency of MCs in the same intestinal tissues. We showed that the frequency of MCs was not increased in inflamed when compared to non inflamed gut mucosa in IBD patients (Fig 7B) . Furthermore, the basophil/MC ratio was significantly augmented in inflamed mucosa, providing compelling evidence that recruited basophils rather than MCs may be implicated in disease perpetuation (Fig 7C) . Thus, our data demonstrate that IL-33 is expressed at high levels in IBD mucosa while basophils accumulate in inflamed intestinal tissues. cell co-cultures (Fig 7E) . However, both types of memory CD4 T cell subsets expressed HRH2 and HRH4 mRNA while T CM tended to express more HR than T EM (Fig 7 F) . Finally, because chimeric anti-TNF-a (Infliximab) is a drug commonly used in the management of IBD patients, we thought to investigate how infliximab modulated the augmentation of Th17 responses in IL-33-activated basophil/T EM co-cultures. As depicted in Fig 7D, In the earlier studies, human basophils were identified in the skin and airways of allergic patients by immunohistochemistry 5, 7 . We show here that basophils were recruited in higher numbers into active as compared to non-active mucosal sites in IBD patients. Although basophils have been detected in situ in the small intestine of parasite-infected mice 34 , the mechanisms that attract basophils to lesional tissues remain to be elucidated. Basophils migration to LNs of parasite-infected or allergen-immunized mice appears to be CD4 T cell-and IL-3-dependent 24, 25 .
IL-33, which we have shown was produced at high levels in IBD culture explants, is implicated in the expansion of basophils in tissues and can trigger histamine release 27 . In this regard, one report using electronic microscopy had shown that basophils seed together with MCs in ileal tissues 38 . We found that basophil/MC ratio was significantly elevated in inflamed colons, which reflected the increase in the percentages of basophils but not mast cells.
These data suggest that basophils instead of mast cell-derived histamine exacerbate inflammation at lesional sites in IBD.
Mechanistic analysis showed that the potentiation of memory Th17 T cells by basophils was not due to increased T cell proliferation, occurred in contact-independent manner and was probably TCR-independent since it could be observed in an autologous system without Ag supplementation. Combined with the absence of detectable levels of MHC class II and costimulatory molecules on the surface of circulating and tissue basophils, we largely excluded the possibility that basophils displayed an APC function. However, the possible expression of HLA-DR expression on human basophils is still actively debated 3, 23 . Thus, the present study pinpoints that a careful exclusion of contaminating HLA-DR + FcεRI + DC subsets (i.e. CD1c and pDCs) from preparations of basophils is absolutely required to draw valid conclusions about any
potential not yet recognized function of these rare circulating granulocytes. We show here that FcεRI low DCs can be further discriminated from basophils by their high expression of SIRP-α. 
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